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ANALOG COMPUTER 
Stephen R. Fisch, Binghamton, and Lynn A. Staples, 
Greene, N.Y., assignors to Singer-General Precision, 
Inc., a corporation of Delaware 
Filed Apr. 24, 1967, Ser. No. 633,054 
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US. Cl. 35—-10.2 6 Claims 


ABSTRACT OF THE DISCLOSURE 


The flight computer of this invention is a small, light- 
weight, inexpensive, special-purpose analog computer for 
fixed-base aviation trainers, and it utilizes solid-state 
electronic components rather than the servo motor sys- 
tems used as analog computers in earlier systems. This 
computer is designed to generate electrical signals repre- 
sentative of various airplane responses to change the 
conditions produced by both a student trainee and an 
instructor while the trainee is performing control opera- 
tions on a simulated aircraft. The composite signals gen- 
erated by the computer are used to control both the mo- 
tion of the trainer and the instruments within it. 


Since the early Link Trainers, fixed-base simulators 
have been used to help in the training of aircraft pilots. 
The increasing sizes and complexities of modern aircraft 
have accelerated the development of special purpose train- 
ers which serve to train pilots, navigators, and similar 
flight personnel in their respective duties for individual 
types of aircraft. In fact, emphasis in recent years has 
been on unique trainers for each new type of airplane 
developed. As a result, there has been less of an emphasis 
on the general-purpose aviation trainers which can be used 
as aids in the basic training of new pilots. The small air- 
craft and executive aircraft fields have been growing in 
recent years, and the number of new pilots for these types 
of aircraft has also been growing. The need for a small, 
inexpensive, reliable, general-purpose aviation trainer has 
become acute. One of the basic parts of such a trainer, 
and also one of the most expensive parts of that trainer, 
is the flight computer. 

The flight computer is that device which has been con- 
structed to incorporate the flying characteristics of either 
a particular aircraft or a composite of a group of aircraft 
of a similar type, to receive input signals from the con- 
trols as they are manipulated by a student pilot and, in 
many cases, to receive input signals from an instructor, 
to produce output signals which result in the proper move- 
ments of the simulated cockpit (if the trainer includes a 
motion system), and to control the instruments contained 
within the trainer so that the feedback loop is completed 
by giving to the student pilot the proper aircraft responses. 
In the past, the flight computers have been large, bulky 
and expensive. For many years flight computers used in 
simulators were analog type computers which utilized 
large numbers of servo systems to integrate the various 
equations from which the control signals are derived. The 
servo systems were expensive, were large and heavy, and 
required power supplies which were of a significant size 
and weight also. Because of this, the construction of a 
low-cost, general-purpose, fixed-base aviation trainer has 
not been particularly feasible. This invention constitutes 
a departure from past devices of a similar nature by 
eliminating the servo systems and providing in a simpli- 
fied system, a flight computer which accomplishes the 
desired results in a small package with a lightweight and 
at a low cost. 

It is an object of this invention to provide a new and 
improved computer. 
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It is another object of this invention to provide a new 
and improved computer for fixed-base aviation trainers. 

It is a further object of this invention to provide a new 
and improved computer for fixed-base aviation trainers, 
which computer utilizes solid-state devices in simplified 
configuration. 

It is still another object of this invention to provide a 
new and improved analog-type computer for fixed-base 
aviation trainers, which computer is small but reliable. 

It is yet another object of this invention to provide a 
new and improved lightweight, small and reliable analog 
computer for fixed-base aviation trainers. 

Other objects and advantages of this invention will be- 
come apparent as the following description proceeds, 
which description should be considered together with the 
accompanying drawings in which: 

FIGS. 1A and 1B comprise a block diagram of the 
computer of this invention; 

FIGS. 2A-2E comprise a schematic wiring diagram 
of the computer shown in FIG. 1; and 

FIGS. 3 and 4 are mosaics showing how FIGS, 1 and 
2 are assembled to form complete drawings. 

Referring now to the drawings in detail, and more par- 
ticularly to FIG. 1, the reference character 11 designates 
a potentiometer having a slide contact 25. The slide con- 
tact 25 is mechanically connected to the stick or wheel 
in the cockpit of the trainer and represents the movement 
of the control to induce roll in the aircraft being simu- 
lated. Similarly, the reference character 12 designates a 
potentiometer having a slide contact 26 which is con- 
nected to the rudder pedals of the simulated aircraft, 
and a potentiometer 13 has a slide contact 27 which is 
connected to the primary control (stick or wheel) of 
the simulated aircraft and is moved as representative of 
pitch control. In addition, a fuel mixture potentiometer 
14 having a slide contact 28 is connected through a 
threshold circuit 15 to one end of a potentiometer 16, the 
slide contact 29 of which represents the throttle of the 
simulated aircraft and is mechanically connected there- 
to, The slide contact 29 is connected as one input to a 
thrust generator 45. A potentiometer 17 has one end 
connected to a source of positive potential and its other 
end grounded and has a slide contact 30 connected to 
one input of a thrust generator 45 and represents the 
effect of the carburetor heat control in the simulated 
aircraft. Each of the potentiometers 11, 12 and 43 is 
connected across a source of direct current. One end 
of the series arrangement of potentiometer 14, threshold 
circuit i5, and potentiometer 16 is connected to one side 
of a source of direct current, and the other end of the 
series is connected to ground. A pair of resistors 18 and 
19 represent the two flap conditions and are connected to 
contacts 22, 23 and 24 of a flap switch 21. Resistor 18 
is connected across contacts 22 and 23, and resistor 19 
is connected across contacts 23 and 24. 

The three translational moments are computed in this 
computer in separate sections. The roll moment gen- 
erator is designated as 34 and includes a feedback path 
32, an input 33 from the slide contact 25, an input 34 
from the thrust generator 45, an input 35 representative 
of dynamic pressure, an input 36 representative of side 
slip, and an input representative of the sine of the roll 
angle from a potentiometer 107. The roll moment gen- 
erator 31 has a single output 37. The yaw moment gen- 
erator 41 includes a feedback path 42, an input 43 
representative of side slip, an input 44 representative of 
the dynamic pressure, and an input 46 from the slide 
contact 26. The yaw moment generator 41 has a single 
output 47 which contains an inverter 48. The pitch 
moment generator 51 has a feedback path 52, an input 
53 representative of dynamic pressure, an input 54 con- 
nected to the pitch slide contact 27, an input 55 connected 
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to the output of the thrust generator 45, an input 56 
connected to the flap switch 21, and an input 57 repre- 
sentative of the lift coefficient. The pitch moment gen- 
erator 51 has a single output 58. The lift coefficient gen- 
erator 61 comprises an input 62 connected to the flap 
switch 21, an input 63 representative of the angle of 
attack, and a constant potential 64 representing an air- 
craft design constant. The lift coefficient generator 61 
has a single output 65. The angle of attack generator 71 
comprises an input 59 connected to the output of the 
pitch moment generator 51, and an input 73 representa- 
tive of true airspeed, weight and lift. 

The system considered also comprises a motion sys- 
tem having at least three degrees of freedom in roll, yaw 
and pitch. A roll motor 79 drives the trainer in roll; a 
yaw motor 85 drives the trainer in yaw; and a pitch 
motor 95 drives the trainer in pitch. The roll motor 79 
is driven by a power amplifier 78 the input to which is 
connected by means of a line 77 to a bank generator 75 
which has an input 37 from the output of the roll moment 
generator 31 and a second input 76. Similarly, the yaw 
motor 85 is driven directly by a power amplifier 84 con- 
nected to a yaw generator 81 which has two inputs 82 
and 83. The pitch motor 95 is driven by a power amplifier 
94 under the control of a pitch generator 91 which has 
two inputs also. The roll motor 79, in addition to driv- 
ing the trainer itself to produce motion representative of 
the roll of an aircraft being simulated, also drives a 
plurality of potentiometers 101, 102, 103, 104, 105, 106, 
107 and 108. The two sides of the potentiometers 101, 
102 and 103 are connected to ground. The center tap 
of the potentiometer 101 is connected to the output 47 
from the yaw moment generator 41, and the slide contact 
111 of the potentiometer 101 is connected to the input 
82 of the yaw generator 81. The center tap of potentiom- 
eter 102 is connected to a source of direct potential, and 
its slide contact 112 is connected through an amplifier 
(not shown) to the center tap of a potentiometer 121 
which is driven by the pitch motor 95. The two ends of 
the potentiometer 121 are grounded and its slide contact 
124 supplies signals to compute angle of attack. The center 
tap of the potentiometer 103 is connected to the output 
74 of the angle of attack generator 71 which is also 
connected as an input to the lift coefficient generator 61. 
The output 58 from the pitch moment generator 51 is 
directly connected to one end of the potentiometer 104, 
and through an inverter 99 to its other end so that one 
end of the potentiometer 104 has the positive pitch 
moment applied to it and the other end has the negative 
pitch moment applied to it. The slide contact 114 of 
the potentiometer 104 is connected to the other input 83: 
of the yaw generator 81. The two ends of the potentiom- 
eter 105 are grounded and its center tap is connected to 
the output 58 from the pitch moment generator 51. The 
slide contact 115 of the potentiometer 105 is connected 
to the input 93 of the pitch generator 91. The two ends of 
the potentiometer 106 are connected to the two sides of 
the inverter 48 so that one end of the potentiometer 106 
has a negative yaw moment applied to it and the other 
yaw moment has the positive end applied to it. The 
center tap of potentiometer 106 is grounded and its 
slide contact 116 is connected to the other input 92 of 
the pitch generator 91. The two ends of both of the 
potentiometers 107 and 108 are connected to opposite 
sides of a source of direct potential, and their center taps 
are both grounded. 

The pitch motor 95 drives three potentiometers 121, 
122, and 123. The connections of potentiometer 121 have 
already been described. Potentiometer 122 has its opposite 
ends connected to the two sides of a source of direct po- 
tential and its center tap is grounded. One side of poten- 
tiometer 123 is directly connected to the tachometer out- 
put of the yaw generator 81, and the other side is con- 
nected to the same point through an inverter 127. The 
center tap of potentiometer 123 is grounded, and its slide 
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contact 126 is applied as an input 76 to the bank generator 
75. Airspeed is developed by an airspeed generator 131 
which comprises an input 132 connected to the slide con- 
tact 125 of the potentiometer 122, an input 133 con- 
nected to the slide contact 113 of the potentiometer 103, 
an input 134 connected to the throttle slide contact 29 
through the thrust generator 45, and an input 135 con- 
nected to represent a quantity of dynamic pressure times 
the quantity lift coefficient squared plus a design constant 
representing a profile drag, quantity. The airspeed gener- 
ator 131 has a single output 136 which is applied as one 
input to each of the feedback paths 32 of the roli moment 
generator 31; 42 of the yaw moment generator 41; and 52 
of the pitch moment generator 51. A signal representative 
of altitude as well as a signal representative of a constant 
are applied to a subtracting network 139. The difference 
between these two signals is applied to one input of a 
multiplier 138, the other input to which comes from a 
squaring circuit 137, which produces the square of the 
airspeed. The output of the multiplying circuit 138 is the 
dynamic pressure which appears on line 53. The output 
of the lift coefficient generator 61 is applied as one input 
to a multiplying circuit 141, the other input to which is 
the dynamic pressure from the multiplier 138. In addition, 
the output from the lift coefficient generator 61 is squared 
in a squaring circuit 144 and is applied as one input to 
a multiplying circuit 142, one other input of which is 
representative of the dynamic pressure on line 53 and an 
input Cpo which is profile drag and is added in, The out- 
put from the multiplier 142 is the input 135 to the air- 
speed generator 131. 

In addition to the motion system and the three motors 
79, 85 and 95 which produce the appropriate movements, 
several instruments (shown in FIG. 1B) are also driven 
from this computer. A heading instrument 151, or gyro 
compass, is driven from the output of the yaw power 
amplifier 84 through a line 86. A rate-of-climb multiplier 
161 receives one input from the slide contact 113 of the 
potentiometer 103 and a second input from the slide 
contact 125 of the potentiometer 122. The output 162 
from the rate-of-climb multiplier is applied directly to 
the input of a rate-of-climb instrument 152 and through 
an amplifier 163 to the input of the altimeter 153. In 
addition, an output from a potentiometer driven by the 
altimeter 153 is applied as the altitude input to the sub- 
tractor circuit 139. Also, the output of the potentiometer 
of the altimeter 153 is applied as one input to a difference 
circuit 149 where it is combined with a constant, and the 
difference from the circuit 149 is applied to a multiplier 
164, the other input to which comes from the output 136 
of the airspeed generator 131. The output 165 from the 
multiplier 164 is applied to the airspeed indicator 154. 

The dynamic pressure and the airspeed are applied as 
inputs to a divider 166 which produces an output repre- 
sentative of dynamic pressure over airspeed. This is one 
term used to compute side slip and amount of bank. The 
output from the divider 166 is applied as one input to a 
multiplier 167 together with an indication of the pedal 
deflection from the slide 26 of potentiometer 12, and the 
signal representative of side slip. The product output from 
the multiplier 167 is applied as one of three inputs to an 
adder and integrator circuit 168, the other two inputs 
thereto being the pitch moment from the pitch moment 
generator 41 and the output from a divider 171. The 
inputs to the divider 171 are the airspeed and the poten- 
tial from the slide 118 of the sine potentiometer 108. 
This potential from the slide 118 is representative of the 
sine of the roll angle. The output from divider 171 is the 
sine of the roll angle divided by airspeed, and this is ap- 
plied to an input to the adder and integrator 168 to pro- 
duce the addition of the quantities: sine of the roll angle 
over airspeed plus the yaw movement, plus the quantity 
dynamic pressure over airspeed times pedal deflection 
minus side slip, the entire sum integrated. The side slip 
from the circuit 168 is then applied to another adder and 
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integrator circuit 173 together with pedal deflection, dy- 
mamic pressure and a feedback from a multiplier 175 
which produces the product of the output from the circuit 
174 and lift. The output from the circuit 173 is applied 
to the bank instrument 156. The turn indicator 155 re- 
ceives its input from the yaw movement generator 41. A 
tachometer 157 is driven directly by the output of the 
thrust generator 45, and the roll bar 151 of the attitude 
gyro 158 is driven by the output of a synchro (not shown) 
which is driven by the rol] motor amplifier 78. The pitch 
bar 159 receives its input from the tachometer output of 
the yaw generator 81 through potentiometer 122 and a 
damping circuit 146. 

In normal flight in an aircraft, operation of the con- 
trols to cause the aircraft itself to perform one function 
normally modifies another operation of the plane. Rolling 
a plane not only causes it to bank but also to turn, and 
the rudder pedals operate in conjunction with the ailerons 
to produce a change in heading with the plane then pro- 
ceeding in level flight. An increase in engine speed will 
produce a positive rate-of-climb, and a decrease in engine 
speed will cause the aircraft to descend. In simulating these 
operations, both the motion and the instruments con- 
tained within the simulated cockpit itself must operate as 
they do in a real aircraft. In developing a simulator which 
closely follows the operation of a vehicle, the large num- 
ber of interrelated actions must be considered. Thus, in 
a computer which controls both the motion and the instru- 
ments, there are many interconnections among the vari- 
ous input control signals and responding elements which 
include feedback loops in which the modified output of 
one component is fed back to produce a further modifi- 
cation in the same component. The block diagram of FIG. 
1 has been created to demonstrate these interrelationships 
without necessarily accurately illustrating the operational 
device, 

Devices connected to the basic controls of the aircraft 
are shown along the left-hand edge of FIG. 1A. These are 
represented by potentiometers 11, 12, 13, 14, 16 and 17 
and by the flap switch 21 with its associated resistors 18 
and 19. In the actual airplane, the control levers, wheels, 
pedals, and switches are mechanically connected to the 
various control surfaces in the plane itself. Since it is one 
object of this invention to provide an all-electric system, 
the same aircraft controls, levers, wheels and switches in 
the simulator are connected to electrical components. As- 
suming for this discussion that the simulated aircraft con- 
tains a wheel which can rotate and which can also be 
moved forward and aft, each of the two motions must 
develop electrical signals separately and independently of 
each other, and each electrical signal must be representa- 
tive of its own particular operation. Potentiometer 11, 
having slide contact 25, is connected across a source of 
direct current, The approximate center of the potentiom- 
eter 11 can be considered a home or neutral position, and, 
if as shown in FIG. 1, one end of the potentiometer 11 is 
connected to a source of plus 15 volts and the other end 
is connected to a source of minus 15 volts, then the center 
of the potentiometer 11 should be zero volt. This would 
ordinarily be the home position. The slide contact 25 is 
mechanically connected to the wheel so that as the wheel 
is rotated in one direction, the slide contact 25 is moved 
in one direction; and as the wheel is rotated in the other 
direction, the slide contact 25 moves in the other direc- 
tion. Therefore, when the slide contact 25 is in the center 
of the potentiometer 11, it is in its home or zero position. 
Voltages appearing at the slide contact 25 by reason of 
the movement of the wheel will indicate not only the 
amount of movement, but, by the polarity of the signal 
developed, the direction of the movement as well. Al- 
though the above discussion is directed to potentiometer 
11 and slide contact 25, it similarly holds true for the 
potentiometers 12, 13, 14, 16 and 17, and their slide con- 
tacts. 

The following terms will be used at times during the 
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discussion which follows and may also be found on the 
drawings: 


3ga—Wheel deflection, lateral for roll 
dse—Wheel deflection, longitudinal for pitch 
dpy—Pedal defiection, rudder 
P,—Roll moment 
R,—Heading or yaw moment 
Q,—Pitch moment 
6,—Throttle 

B—Sideslip 

g—Dynamic pressure 
Vp—True airspeed 
8sy—Wing flaps 

C,—Lift coefficient 

a—Angle of attack 
h—Altitude 
R/C—Rate-of-climb 

h;—Field elevation 
Toa—Outside air temperature 
g—Gravity 

¢—Angle of roll 

6—Angle of pitch 
y—Heading 

A—Ball angle 
3on——Carburetor heat 


The roll moment is calculated in accordance with the 
following equation: 


P.=§[—K18,+¢(—Kebsa—Ks8) 
+4/Vp(KyRa—K5P,) + Kepldt 


In the discussion of how the apparatus of this invention 
operates, the constants such as k,—-ks of the roll moment 
equation set forth above will be ignored. Since the com- 
puter of this invention operates on potentials, constants 
can be readily inserted merely by applying a fixed poten- 
tial through a resistor. For this reason, only the variables 
will be discussed, and it will be assumed that each of the 
variables is modified by an appropriate constant without 
showing where or how it is obtained, Since the block 
diagram of FIGS. 1A-1B is but a broad showing of the 
entire system to present an over-all view, the roll moment 
generator 31 is shown merely as a block witth the appro- 
priate inputs applied to compute the roll moment, The 
feedback path 32 helps stabilize the operation of the roll 
moment generator 31 and also provides a path for the 
performance of division. In this apparatus, as explained 
in detail below, division is performed in the feedback 
paths of the various generators, In the roll moment equa- 
tion, the dynamic pressure is shown divided by the true air- 
speed (q/V,). The inputs to the generator 31 are so ar- 
ranged that dynamic pressure is applied to an input which 
is fed back, and the airspeed is applied to the feedback 
path. This produces the quotient desired. As mentioned 
above, when an airplane rolls, it also turns so that both 
turning and banking are interrelated. The information 
from which the roll moment is calculated is supplied by 
the position of the slide contact 25 on the potentiometer 
11 to produce a voltage which is proportional to the rota- 
tion of the wheel (lateral deflection). The amount of 
throttle is indicated by the position of the slide contact 
29 on the potentiometer 16, from which a potential is ap- 
plied to the input 34 of the roll moment generator 31 
through a thrust generator 45. The dynamic pressure is 
computed from the airspeed and the altitude in the multi- 
plier 138 and is applied to the input 35. And side slip 
from the adder and integrator 168 is applied to the input 
36. The roll moment generator 31 must then subtract the 
side slip g from the potential derived from the slide con- 
tact 25 6,,, and then multiply the dicerence so obtained 
by the dynamic pressure gq. It must also divide the dy- 
namic pressure q by the airspeed Vp (as described above) 
and multiply the quotient by the difference between the 
roll and heading moments R,—P,. The roll itself is ap- 
plied from the slide contact 117 of the potentiometer 107. 
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The slide contact 117 is driven by the roll motor 79, so 
that the position of the slide 117 on the potentiometer 107 
with respect to its center is proportional to the amount of 
roll developed by the roll motor 79. In addition, the roll 
moment generator 31 must integrate the sum of the above 
quantities to develop the actual roll moment. The roll 
moment is applied along line 37 to the input of the bank 
generator 75 and modifies the output thereof to deter- 
mine the power and the direction of the energy applied 
from the power amplifier 78 to the roll motor 79. The 
above description of the roll moment generator indicates 
how closed loops are achieved in this system. The output 
from the roll moment generator 31 is fed back through the 
feedback loop 32 in which it is modified by other quan- 
tities to help in controlling the computer output. In addi- 
tion, the output of the roll moment generator 31 helps 
determine the amount of roll to be achieved by the motor 
79, and one of the inputs to the roll moment generator is 
from the potentiometer 107 whose slide contact 117 is 
driven by the roll motor. So there is a second complete 
loop to close the circuit and help provide stabilization. 
The yaw moment generator operates in a manner simi- 
Jar to the roll moment generator. Yaw moment is de- 
veloped in accordance with the following equation: 


Ra=Siq(— kySsqg—K gdpr-+-Ko8 ) 
+4/V,(—kyoPo—KirR,) —Kiadpr] dt 


To accomplish this, the yaw moment generator 41 re- 
ceives on its input 44 a signal proportional to the dy- 
namic pressure along the line 53 from the output of the 
multiplier 138. The pedal deflection is received on line 
46 from the slide contact 26 of the pedal potentiometer 
12. These quantities produce one term. A feedback path 
42 combines the yaw moment from the output of the 
generator 41, the roll moment from the output of the 
generator 31, and true airspeed along line 136 from the 
output of the airspeed generator 131 to produce an input 
to the yaw moment generator 41 which is proportional 
to q/Vy. These quantities, together with the dynamic 
pressure which is applied to the input 44, produce the 
second term. The output from the yaw moment genera- 
tor 41 is applied along the line 47 to the input of an 
inverter 48. The input to the inverter 48 is positive yaw 
moment, and the output of the inverter 48 is negative 
yaw moment, both of which are used in later described 
apparatus. 

The pitch moment generator 51 produces the pitch 
moment by combining four terms in accordance with 
the equation: 


Qa=JS [hisd¢-+ 9 — ha— fasds0 + k1e8¢w— KivCx) 
—qlV pkisQakie*0]dt 


*Term used only when on the ground. 


To accomplish this, the pitch moment generator has the 
dynamic pressure g applied to the input terminal 53. The 
throttle deflection is applied through the thrust generator 
45 to the input 55 from the slide contact 29 from the 
throttle potentiometer 61. The longitudinal wheel defiec- 
tion is applied from the slide contact 27 of the pitch 
potentiometer 13 to the input 54, and a signal repre- 
sentative of the flap condition is applied to input 56 from 
the flap switch 21. The lift coefficient generated by the 
generator 61 is applied to the input 57. The feedback 
path 52 receives the input of true airspeed from the air- 
speed generator 131 and also the pitch moment from the 
output of the generator 51. Thus, all of the required fac- 
tors are applied to the pitch moment generator 51 to 
produce an output on line 58. 

The lift coefficient is generated by the generator 61 
which receives an input at 62 proportional to the flap 
condition from switch 21, and on 63 an input propor- 
tional to the angle of attack from the angle of attack 
generator 71. The lift coefficient is the summation of 
these two terms plus a constant. The output from the 
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lift coefficient generator 61 is applied to the input of a 
multiplier 141 together with an input representative of 
dynamic pressure to produce an output representative of 
the actual lift, and this is added to the product of cos roll 
times cos pitch which is applied as one input to a divider 
143 where it is divided by airspeed. The output from the 
divider 143 is applied as an input 173 to the angle of 
attack generator 171. Another input 59 is applied from 
the pitch moment generator 51. Angle of attack is de- 
termined in accordance with the equation: 


a= Shag Qq-+ oat Litt: Kan 008 } 608 4) 
D 


The cosine of the pitch and the cosine of the roll are 
derived from the potentiometers 121 and 102, respec- 
tively. The two ends of both of the potentiometers 102 
and 121 are grounded and a negative potential is applied 
to the center tap of potentiometer 102. Thus, current 
flows in opposite directions from the center of the po- 
tentiometer 102 towards the two ends. The potential is 
taken from the potentiometer 102 by means of the slide 
contact 112 and is applied to the center tap of the po- 
tentiometer 121. The position of the slide contact 112 
is determined by the position of the roll motor 79 which 
drives it. In this way, the potential applied to the center 
tap of the potentiometer 121 is proportional to the acual 
roll position. The slide 124 of the potentiometer 121 is 
driven by the pitch motor. Since both potentiometers 
102 and 121 are wound as cosine potentiometers, the 
output potentials are proportional to the cosine of the 
position of the slide contacts. The cosine of the roll is 
applied to the center tap of the potentiometer which 
develops the cosine of the pitch and the output from the 
slide contact 124, which is applied to the input of the 
divider 143 together with the lift, is a signal proportional 
to the product of the cosine of the roll and the cosine 
of the pitch. 

In this equipment, true airspeed is computed by sum- 
ming four terms and integrating the total in accordance 
with the equation: 

Vp=S—Koz sin 6+Ko4x cos o+Kos op 
+4(—Koe8tw-+-Koi—Ko3C 2?) dt 
The airspeed generator 131 receives on an input 134 a 
signal representative of the throttle deflection from the 
slide contact 29 of the potentiometer 16 applied through 
the thrust generator 45. A multiplier 142 produces the 
product of the dynamic pressure and the sum of the flap 
condition and the profile drag Cpo as well as the square 
of the lift coefficient. The lift coefficient is squared by 
a squaring circuit 144. The output of the multiplier 142 
is applied as an input 135 of the airspeed generator 131, 
Actually, to determine airspeed, a term which is the 
algebraic sum of the sine of the pitch minus the angle 
of attack times the cosine of pitch times the cosine of 
roll should be used. However, since we can assume that 
in most simulators which will utilize a computer of this 
type, the pitch is limited to 30° or less, the cosine of 
the pitch angle is sufficiently close to 1 to be eliminated 
in favor of using 1 as an approximation. Therefore, to 
generate the above term, the cosine of pitch is replaced 
by 1 and the term becomes the sine of the pitch less 
the angle of attack times the cosine of roll. This is 
achieved in the apparatus of FIG. 1 by using the poten- 
tiometer 122 as a sine potentiometer to derive sin 6, 
and the potentiometer 103 as a cosine potentiometer which 
produces cos ¢. The two ends of the potentiometer 103 
are grounded and the output from the angle of attack 
generator 71 is applied to its center tap. Therefore, as 
the slide contact 113 is moved by the roll motor, the 
potential which is applied to the slide contact 113 and 
thereby to the input 133 of the airspeed generator 131 
is proportional to « cos ¢. The potentiometer 122 has a 
source of positive potential applied to one end and to its 
other end a source of negative potential, and it has its 
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center tap grounded. The slide contact 125 is driven 
by the pitch motor 95 and derives from the potentiometer 
122 an output potential representative of sin 6. This is 
applied to the input 132 of the airspeed generator 131. 
Should the approximation made above not be true be- 
cause of a greater pitch angle, then an additional poten- 
tiometer will be required to produce cos 6. The input 
135 to the airspeed generator 131 is derived from a 
multiplier 142 which produces the product of the dy- 
namic pressure and the sum of the flap condition derived 
from the position of the switch 21 and the lift coefficient 
squared, The signal representative of throttle position is 
derived from the slide contact 29 and is applied to an 
input 134 through the thrust. generator 45. The integra- 
tion of the sum of these terms is produced in the airspeed 
generator 131. 

As indicated above, during the recitations of the con- 
nections among the various elements, the system of this 
invention contemplates the use of pitch, roll and yaw 
motors to provide motion for the trainer itself. In addition, 
the motors also drive potentiometers from which are 
derived operators in the computations of the system. 
For this reason, the motors 79, $5 and 95 have been 
symbolically shown as part of the computer circuit. 
The actual drive circuitry, shown here as amplifiers 78, 
84 and 94, for the motors themselves are not shown in 
detail in this specification since they are the subject of 
another copending application filed in the name of Lynn 
A. Staples and entitled “Motion System Electrical Con- 
trols.” Considering, for example, the roll motor 79, a 
bank signal generator 75 is fed with the output from the 
roll moment generator 31 and from a signal propor- 
tional to the sine of the pitch derived from the potenti- 
ometer 123. The information from the potentiometer 123 
is required in order to translate the roll information 
from the axis of the aircraft being simulated to an axis 
horizontal to the earth. Since pitch does modify the rela- 
tionship between these two axes, the pitch information 
is supplied to the bank generator 75. The roll motor 79 
drives the slide contacts 111, 112, 113, 114, 115, 116, 
117 and 118 of the potentiometers 101-108 to modify 
the potentials on these slide contacts by the roll angle 
of the simulator. The bank angle of an aircraft affects 
both the yaw and the pitch. For this reason, the inputs 
to the yaw generator 81 are derived from the slide con- 
tact 111 of the potentiometer 101 and from the slide 
contact 114 from the potentiometer 104. The two ends 
of the potentiometer 104 have applied to them a posi- 
tive pitch moment and a negative pitch moment. Thus, 
the potential on the slide contact 114 which is supplied 
to the input of the yaw generator 81 is proportional to 
the pitch moment times the cosine of the roll angle. The 
other input on line 82 is proportional to the yaw moment 
times the sine of the roll angle. In a similar manner, 
th: pitch generator 91 has applied to one input 92 a 
potential from the slide contact 116. The potentiometer 
106 has the positive yaw moment applied to one side 
and a negative yaw moment applied to another. There- 
fore, the potential on the slide contact 116 is propor- 
tional to the yaw moment times the sine of the roll angle. 
The input signal applied to the input 93 of the pitch 
generator 91 is derived from the slide contact 115 of 
the potentiometer 105 which has both of its ends grounded 
and the pitch moment applied to the center tap. The 
signal appearing on the slide contact 115 and applied 
to the input 93 is proportional to the pitch moment 
times the cosine of the roll angle. The slide contacts 
124, 125 and 126 of the potentiometers 121, 122 and 123 
are driven by the pitch motor 95. In this manner, poten- 
tials are derived which are proportional to the sine and 
the cosine of the pitch angle as well. 

As mentioned above, one of the primary functions Be 
the computer in a vehicle simulator is to drive those in- 
struments which are normally available in the vehicle 
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itself in such a manner that they realistically simulate 
the operation of the simulated vehicle. Considering a typ- 
ical small aircraft as an example, a reasonable comple- 
ment of instruments which should be simulated include 
the heading gyro 151, the rate-of-climb instrument 152, an 
altimeter 153, an airspeed indicator 154, turn and bank 
indicators 155 and 156, a tachometer 157, an attitude 
gyro 158 with a horizon bar 159 and a roll bar 160. Each 
of these instruments is driven from an appropriate por- 
tion of the circuit. The heading gyroscope 151 is symboli- 
cally shown driven directly from the output of the yaw 
power amplifier through a line 86. Thus, as the yaw mo- 
tor 85 is driven to change the heading of the simulator 
itself, so is the heading gyroscope 151. 

A rate-of-climb multiplier 161 is fed with three input 
signals including the airspeed from the airspeed generator 
131 through a line 136. A second input is derived from 
the slide contact 113 of the potentiometer 103 and repre- 
sents the angle of attack times the cosine of the roll angle. 
The two ends of the potentiometer 103 are grounded and 
the output from the angle of attack generator 71 is applied 
to the center tap of that potentiometer. The potentiometer 
163 is wound as a sine function, and the movement of the 
slide contact 113 by the roll motor 79 generates the term 
mentioned. A third input to the rate-of-climb multiplier 
161 is derived from the slide contact 125 of the potenti- 
ometer 122 which derives a voltage proportional to the 
sine of the pitch angle. Thus, the output on line 162 from 
the rate-of-climb multiplier 161 is represented by the 
equation: 

R/C=V,,(sin 6—a cos ¢) 


Since, at any particular throttle setting or thrust condition 
of the motor, both the pitch angle and the roll angle will 
affect the rate at which the aircraft is rising or descending, 
all of these factors must be taken into consideration. The 
output from the rate-of-climb multiplier 161 is applied 
directly to the rate-of-climb instrument 152 and through 
an amplifier 163 to an altimeter 153 which integrates it. 
The altitude from the altimeter potentiometer is provided 
to a difference circuit 139 in which it is combined alge- 
braically with a constant, the difference to be multiplied 
in a multiplier 138 with the square of the airspeed to com- 
pute the dynamic pressure which appears on line 53. 
Since the airspeed as displayed on an airspeed instru- 
ment is modified by the altitude at which the airplane is 
flying, an airspeed multiplier 164 has applied to it as one 
input the airspeed from line 136 and the difference be- 
tween a constant and the altitude from the output of the 
altimeter potentiometer. The product of these two factors 
is applied through a line 165 to the airspeed indicator 154. 
The bank and turn indicator really comprises two separate 
instruments, a turn indicator 155 and a bank indicator 
156. The turn indicator 155 is driven directly by the sig- 
nal on line 48 which is the negative output from the yaw 
Moment generator. The negative yaw moment is also 
applied as one input to an adder and integrator 168. An- 
other input to the integrator 168 comes from a multiplier 
167 which has applied to its input a potential from the 
slide contact 118 of the potentiometer 108. The poten- 
tiometer 108 has opposite ends connected to positive and 
negative potentials and its center tap is grounded. There- 
fore, the potential derived at the slide contact 118 is pro- 
portional to the sine of the roll angle. Another input to 
the multiplier 167 is derived from the rudder potentiom- 
eter 12 and the slide contact 26. And the third input is 
applied from a divider 166 whose two inputs are the air- 
speed from line 136 and the dynamic pressure from line 
53 to produce an output which is equal to the dynamic 
pressure over airspeed (c/V,). A third input to the adder 
and integrator 168 is derived from divider 171 which has 
two inputs applied, one input is derived from the slide 
contact 117 of the potentiometer 167 to produce a poten- 
tial proportional to the sine of the roll angle and the 
other input is the airspeed from line 136. The output from 
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the adder and integrator circuit 168 is the side slip which 
appears on line 169 and is applied as one input to com- 
pute the roll moments and the yaw moments. The side 
slip forms one input to another integrator and adder 173 
which has a second input from line 53 representative of 
the dynamic pressure and a third input from a feedback 
loop 174. The feedback loop 174 includes a multiplier 
175 to which the output of the adder and integrator 173 
is applied, as well as the lift from line 141. The output 
of the adder and integrator 173 is applied to the bank in- 
strument 156. 

The tachometer 157 indicates the engine r.p.m. and 
derives its input directly from the thrust generator 45. 
The attitude gyroscope 158 is symbolically shown fed 
directly from the output of the roll power amplifier 78, 
and the horizon bar 159 is similarly shown fed directly 
from the output of the pitch power amplifier 94. 

The block diagrams of FIGS. 1A and 1B are illustrative 
of the basic philosophy behind the analog computer of 
this invention, and the blocks shown therein are general- 
ized versions of what the individual components of the 
over-all computer may be. The block diagram has been 
simplified in order to render the explanation of the over- 
all organization of this computer as simple as possible 
without confusing the discussion and the drawings by the 
showing and describing of unnecessary details—unneces- 
sary for the over-all explanation. For this reason, there 
may, at times, be some differences between details of the 
system shown in the block diagram of FIGS. 1A and 1B 
and the details of the schematic diagram shown in FIGS. 
2A-2E. In order to simplify the understanding of the 
schematic diagram, FIG. 4 has been provided to show 
the relationships of the several sheets of drawings which 
comprise FIGS. 2A-2E. When the various sheets are ar- 
ranged according to the mosaic diagram of FIG. 4, those 
lines which pass from one sheet to the next should be 
aligned with each other so that the entire circuit can be 
followed with ease. 

To meet the basic economic requirements of a circuit 
of this nature while achieving the desired mathematical 
results and high reliability of operation, the individual 
elements of the circuit have been standardized to a high 
degree. Where possible, the same type of computation is 
performed by the same type of elements. This simplifies 
the maintenance problem and reduces the inventory of 
necessary spare parts. Since the over-all operation of the 
system has been described above in connection with the 
block diagram of FIGS. 1A and 1B, the explanation of 
the schematic diagram will be kept as short as possible. 
This will be accomplished, in part, by designating as many 
portions of the schematic diagrams of FIGS. 2A-2E as 
possible with the same general designations used in FIGS. 
1A and 1B. In addition, since similar operations are ac- 
complished in this system by similar devices, wherever 
possible a single explanation of one such device will be 
given and will serve as the explanation for all similar 
devices. In this manner, a complete description of the 
entire apparatus will be achieved without unduly length- 
ening the specification by unnecessary repetition. 

The roll moment generator 31, the yaw moment gen- 
erator 41 and the pitch moment generator 51 are all 
shown in schematic form on FIG. 2A. The roll moment 
generator 31 comprises an operational amplifier 201 which 
has one of its inputs 202 grounded and the other input 
203 connected to a common bus bar 204. As shown in 
FIG, 1A, the roll moment generator 31 has a plurality of 
inputs. These inputs are applied to the operational am- 
plifier 201 by means of the bus bar 204. The input corre- 
sponding to the input from the roll potentiometer 11 slide 
contact 25 is applied through an input resistor 211 to the 
source electrode of a field effect transistor 213, the drain 
electrode of which is connected to the bus bar 204. The 
throttle input is applied from a potentiometer 214 slide 
contact 215 through an input resistor 212 to the bus bar 
204. Side slip is applied through an input resistor 209 
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also to the source electrode of the field effect transistor 
213. This corresponds to the input 36, The input 39 which 
corresponds to the sine of the roll angle is applied through 
an input resistor 208 to the source electrode of a field 
effect transistor 216, the drain electrode of which is con- 
nected to the bus bar 204. The feedback path 32 is applied 
from the output of the operational amplifier 201 across 
an integrating capacitor 217 and also through an input 
resistor 206 to the source electrode of a field effect transis- 
tor 205, the drain electrode of which is connected to the 
bus bar 204. The roll moment is computed by integrating 
a plurality of terms. One of the terms is the heading mo- 
ment less the roll moment multiplied by the quotient of 
the dynamic pressure over the airspeed. The dynamic pres- 
sure over the airspeed is computed by a circuit shown on 
FIG. 2C and identified by the reference character 221. 
This circuit comprises an operational amplifier 222 having 
an input resistor 223 which is connected to the output 
of the circuit 224 which computes the dynamic pressure. 
Thus, the dynamic pressure is applied to the input resis- 
tor 223. The output of amplifier 222 is applied to the 
source electrode of a field effect transistor 225, the gate 
electrode of which is connected to a line 226 which comes 
from the output of the airspeed computing circuit 227 on 
FIG. 2B. 

It has been found that field effect transistors can be 
used to multiply and divide quantities when one quantity 
is introduced on the source electrode and the other is 
applied to the gate electrode. However, for suitable opera- 
tion of the field effect transistors to accomplish multiplica- 
tion or division, steady-state potentials cannot be applied 
to the gate electrode. For this reason, a source 228 of 
triangular waves is provided as shown in FIG. 2B. The 
output of the source 228 is applied through a line 229 to 
the input of an operational amplifier 231 to which the 
output from the airspeed circuit is also applied. This pro- 
duces an output from the operational amplifier 231 on 
line 226 which is a time division of the potential which 
is proportional to the airspeed. When this is applied to 
the gate electrode of the field effect transistor 225 and 
the source-drain circuit of that transistor is in the feed- 
back path of the operational amplifier 222 (FIG. 2C) so 
that the potential proportional to the dynamic pressure 
which is applied to the input 223 of the amplifier 222 is 
fed back through the field effect transistor 225, the effect 
of the circuit is to produce an output proportional to the 
dynamic pressure divided by the airspeed. This is applied 
to the input of an amplifier 232, and the output from the 
source 228 is also applied to the amplifier 232. The output 
of the amplifier 232 which appears on line 233 is applied 
to the gate electrode of the field effect transistor 205. Thus, 
the field effect transistor 205, which is in the feedback path 
from the roll moment generator, has applied to it a quan- 
tity proportional to the dynamic pressure over the air- 
speed. The roll moment is applied through the input re- 
sistor 206 to the source electrode of the transistor 205 (in 
31 on FIG. 2A), and the negative heading moment is 
applied through the input resistor 206 to the same source 
electrode of the transistor 205. Therefore, applied to the 
bus bar 20 from the transistor 205 is the quantity roll 
moment less yaw moment times the quantity dynamic 
pressure over airspeed. The Jateral deflection of the wheel 
is derived from the potentiometer 11 by the slide contact 25 
as explained earlier and is applied through an input resistor 
211 to the source electrode of the field effect transistor 213. 
A value proportional to the side slip is applied to the input 
resistor 29 of the source electrode of the field effect 
transistor 213. Since the dynamic pressure is applied to 
the gate electrode of transistor 213, the net result is that 
the field effect transistor 213 computes the term wheel 
defiection less the side slip quantity times the dynamic 
pressure. This is directly applied to the bus bar 204 as is 
the throttle ‘deflection derived from the slide contact 215 
of the throttle potentiometer 214. The field effect transistor 
216 computes a complicated term which depends upon 
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’ many factors. There is applied through the input resistor 
208 to the source electrode of the transistor 216 a signal 
which is derived from a potentiometer 107 and is propor- 
tional to the sine of the roll. Applied to the gate electrode 
of the field effect transistor 216 is a signal which is avail- 
able when the simulated aircraft is on the ground and 
which renders transistor 216 conductive when it is present. 
This signal is generated when either the lift is less than 
the weight or when the simulated altitude is less than the 
inserted field elevation. The net result is that there is ap- 
plied to the bus 204 from the transistor 216 a quantity 
which is proportional to the product of the roll angle and 
the relationship between the lift and weight. These four 
terms are added together on the input bus 204 and are 
applied to the input 203 of the operational amplifier 201. 
The operational amplifier 201, operating in conjunction 
with the capacitor 217 which is connected across it, inte- 
grates the sum of these four terms to produce an output 
proportional to the roll moment at any time. 

The output from the operational amplifier 201 is ap- 
plied along the output line 235 to the input of the bank 
generator 75. The output of the bank generator 75 ener- 
gizes the power amplifier 78 which drives the roll motor 
79 shown in FIG. 2D. Since the quantities considered 
heretofore are all related to the axis of the aircraft, and, 
since for proper navigation and proper response, this in- 
formation must be translated to the horizon, the bank gen- 
erator 75 receives the roll moment from line 235 which is 
in relation to the aircraft axis and also an input on line 236 
which is derived from a potentiometer 123 by means of the 
slide contact 126. The potentiometer slide 126 is driven by 
the pitch motor 95 and is energized by the rate of turning 
as produced by the heading generator 81. This signal ap- 
plied to the other input of the bank generator 75 produces 
an output signal which relates the roll moment to the axes 
of the earth rather than those of the aircraft itself. Inter- 
posed between the output of the power amplifier 78 and 
the roll motor 79 are a pair of switches 237 and 238 which 
are physically mounted on an instructor’s console or panel. 
The switch 237 connects the roll motor 79 to the output 
of the power amplifier 78. The switch 238 connects a 
source of positive potential to a solenoid 239, which main- 
tains a spring loaded brake (not shown) on the motor 79 
open whenever the solenoid 239 is energized. When the 
switches 237 and 238 are opened, the motor 79 loses its 
power as does the solenoid 239. The motor 79 stops run- 
ning, and the spring loaded brake clamps the motor 79 
to keep it at rest, 

As mentioned above, one of the features of this inven- 
tion is the organization of an analog computer which does 
not use servo motors. A discussion of the manner of per- 
forming the arithmetic functions is in order. Addition is 
normally accomplished merely by applying signals to a 
plurality of resistors which have a common terminal. Re- 
ferring to the roll moment generator 31, algebraic addition 
is accomplished through the two resistors 211 and 209 
and also through the two resistors 206 and 207. Subtrac- 
tion is, of course, accomplished by inverting one of the 
quantities and adding. Thus, the resistors provide alge- 
braic addition. Multiplication is accomplished by the 
field effect transistors. A potential whose amplitude is 
representative of one of the quantities to be multiplied is 
applied to the source electrode of a field effect transistor. 
A rectangular wave whose width is representative of the 
other quantity is applied to the gate electrode of the same 
field effect transistor. The rectangular wave turns the 
transistor on and off, thereby modulating the amplitude 
signal by a timed amount which is representative of the 
other quantity. The output of the transistor is a rectangular 
wave whose width of pulse represents one quantity and 
whose amplitude represents the other. When the rectangu- 
lar wave is integrated, the result, which is equivalent to 
the area under the rectangular wave, is proportional to the 
product of the two quantities. Integration is accomplished 


10 


15 


20 


25 


30 


35 


40 


45 


50 


55 


60 


65 


70 


75 


14 


by operational amplifiers. An operational amplifier, at 
least as it is considered in this specification, is an amplifier 
which has a feedback path so designed as to give the 
amplier the curve or function desired. Two interesting 
and concise volumes which discuss some of the theory 
and application of operational amplifiers are “Handbook 
of Operational Amplifier Applications” published in 
1963, and “Handbook of Operational Amplifier Active 
RC Networks” published in 1966, both volumes published 
by Burr-Brown Research Corporation, Tucson, Ariz. 
Generally speaking, when an operational amplifier in this 
specification is used for integration, the feedback path 
will comprise a single capacitor. However, in order to 
achieve the desired results, an operational amplifier may 
have a plurality of parallel feedback paths at least one of 
which may be an integrating path. For division, the same 
technique is used that is used in multiplication. However, 
the field effect transistor which accomplishes the multipli- 
cation, rather than being placed in the input of the opera- 
tional amplifier, is placed in its feedback path. Since the 
feedback path is degenerative, its affect is to reduce the 
amount of the input signal. If this reduction is accom- 
plished by means of rectangular pulses and the interval of 
time during which the field effect transistor is conductive 
can be determined by the width of the rectangular pulses, 
then the input signal is being reduced by a factor propor- 
tional to the width of the pulses. This is effective division. 

The oscillator shown in FIG. 2B as a circle 228 gen- 
erates triangular waves. These triangular waves are applied 
to a plurality of circuits known as time division circuits 
which convert the triangular waves into rectangular waves 
whose width is proportional to a piece of information. 
Consider, for example, the amplifier designated 231 on 
FIG. 2B. The amplifier 231 has two inputs, one of which 
is connected through a resistor 241 from the output of the 
airspeed generator 227, and the other of which is applied 
through a resistor 242 from the output of the source 228 
of triangular waves. The amplifier 234 is a differential 
amplifier which produces an output only when the tri- 
angular wave equals or surpasses the other input signal 
in amplitude. Thus, so long as the triangular wave is higher 
in amplitude than the signal representative of airspeed, 
the amplifier 231 conducts. When, however, the triangular 
wave drops down to the same amplitude as the signal 
representative of airspeed, then the amplifier 231 stop 
conducting. The amplifier 231 remains non-conductive 
until the value of the triangular wave signal again rises 
to the amplitude of the airspeed signal. Thus, the output 
from the amplifier 231 comprises rectangular pulses which 
represent a period of time during which the amplifier is 
conductive and a period of time representative of the time 
when the amplifier is non-conductive. The width of these 
two rectangular pulses is dependent upon the relative am- 
plitude of the signal input of the airspeed generator 227, 
On the output of the amplifier 231 is a diode 243 and a 
capacitor 244, These two elements serve to stabilize the 
output pulses from the amplifier 231. The time division 
pulses which are representative of a particular quantity, 
in this case airspeed, are then applied to the gate electrodes 
of a plurality of field effect transistors throughout the 
computer. This is the signal which represents the divisor 
or multiplier. 

It was mentioned above that the block diagram of 
FIGS. 1A and 1B and this schematic diagram of FIGS. 
2A-2E are representative of the manner in which a com- 
puter utilizing the principles of this invention can be con- 
structed, and that differences do exist between what is 
shown in the two diagrams. A comparison of FIGS. 1A 
and 2A will point out this fact. FIG. 1A sets forth a broad 
showing of one manner in which the controls of an air- 
craft or other vehicle can be used to generate electrical 
signals which provide the basis of some of the computa- 
tions in this computer. For example, three potentiometers 
11, 12 and 13, labeled roll, rudder and pitch, are shown 
in FIG. 1A. These same potentiometers bearing the same 
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numbers are also shown in FIG. 2A. In FIG. 1A a mix- 
ture potentiometer 14 was shown. This fed a signal to 
a threshold circuit 15 which was placed in series with the 
throttle potentiometer 16. In FIG. 2A, two throttle poten- 
tiometers 214 and 271 are shown. These two potentiom- 
eters are in series between a source of 15 volts and ground. 
The source of positive potential, which would be con- 
nected to the input terminal 245, is applied in series with 
the parallel arrangement of resistors 246 and 247 which 
are in parallel with transistors 248, 249 and 251. This 
arrangement of resistors and transistors, including an- 
other resistor 252, comprises a regulating circuit. Should 
the potential applied to the input terminal 245 vary, the 
current flowing through the resistors 246 and 247 will also 
vary. This will cause changes in the potential drop across 
those resistors and changes in the bias potential on the 
transistors 248 and 249, causing a change in conduction 
through that branch of the circuit. This will modify the 
potential drop across the resistor 252 to change the con- 
duction through the transistor 251. The entire arrange- 
ment is so organized as the oppose changes in applied 
potential. A master switch 253 is connected to the junc- 
tion of the resistor 247 and the transistor 251 and ap- 
plies potential, when it is closed, to a resistor 254. The 
other end of the resistor 254 is connected to a stationary 
contact 255 of a switch 256. This is the start position 
of the ignition switch 256. The switch 256 also includes 
contacts 257, 258 and 259. A resistor 261 is connected 
in series with the contact 257; a resistor 262 is connected 
in series with the contact 258; and a resistor 263 is con- 
nected in series with a contact 259. The other ends of 
the resistors 261, 262 and 263 are connected together 
and to the junction of the resistor 252 and the transistor 
251. Thus, the other ends of the three resistors 261-263 
receive potential from the input terminal 245 through the 
regulating arrangement mentioned heretofore. 

The switch 256 is the ignition switch and has four posi- 
tions. When the switch contacts the contact 255, the mo- 
tor can be started. Then it is switched over to contact 257 
which is the left-hand magneto, or to 258 which is the 
right-hand magneto, or to 259 which represents both 
magnetos. The resistors 261 and 262 should be of the 
same valve, but the resistor 263 should be of a lower 
value so that when the ignition switch is in the two-mag- 
neto position, a larger current is applied through it. The 
switch 256 is connected to one end of one of the throt- 
tle potentiometers 214. The potentiometer 214 is con- 
nected in series with resistors 264 and 265, and with tran- 
sistor 266, the base electrode of which is grounded, the 
other end of the transistor 266 is connected to one end 
of a resistor 267 the other end of which is connected 
to the base electrode of a transistor 268. The transistor 
268 is connected in series with the other throttle poten- 
tiometer 271 which has one end grounded. Again, the re- 
sistors 264, 265 and 267 in combination with the tran- 
sistors 266 and 268 comprise a regulating circuit which 
tends to maintain a constant current flowing through the 
potentiometers 214 and 271. The base electrode of the 
transistor 266 is grounded, which means that this. tran- 
sistor will form an essentially constant current device. If 
constant current is caused to flow through resistors 267 
and 269, then the potential applied to the base electrode 
of the transistor 268 will also be constant to render that 
transistor an essentially constant current device. This cir- 
cuitry tends to eliminate variations due to ambient condi- 
tions, ageing, and the like. In addition, this circuitry 
applies an opposite potential to the potentiometer 271 
As a general rule in an aircraft there will be an increase 
in the speed of the engine by something in the order to 
100 r.p.m. when the ignition switch is changed from one- 
magneto position to a two-magneto position. This is the 
purpose for providing the ignition switch 256 with its four 
separate positions. This also indicates the reason for the 
difference in the values of the resistor 263 and that of 
the resistors 261 and 262. The block diagram of FIG. 1A 
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shows the output of a single throttle potentiometer 16 
being applied to the input of a thrust generator 45, where- 
as the schematic diagram of FIG, 2A illustrates a dif- 
ferent form of circuit. With the computer of this inven- 
tion either type of circuit may be used. 

Some terms are used in several portions of the com- 
puter for computing different values. These terms may 
be separately computed and applied directly. One ex- 
ample of this is the reciprocal of the airspeed. In com- 
puting the roll, yaw and pitch moments, one term used 
is the dynamic pressure divided by the airspeed. In com- 
puting the side slip, one term used is the dynamic pres- 
sure over the airspeed and another term is the 
reciprocal of the airspeed itself. Since there are several 
places where the airspeed is used as a_ divisor, 
a circuit designated 275 on FIG. 2B generates the recip- 
rocal of the airspeed. This circuit comprises an 
operational amplifier 276 which has one of its two 
inputs grounded and a positive potential applied to the 
other input through a resistor 277. The feedback path 
of the amplifier 276 comprises three parallel circuits. One 
of the circuits includes a resistor 278 and a field effect 
transistor 279. The resistor 278 has one end connected 
to the output of the amplifier 276 and the other end con- 
nected to the source electrode of the field effect transistor 
279. The gate electrode of the transistor 279 has applied 
to it the time division representation of airspeed from the 
output of the amplifier 231. Since the input to the ampli- 
fier 276 is a constant potential, and since the field effect 
transistor 279 is provided in the feedback path of the 
amplifier 276, the effect of the circuit is to divide the con- 
stant input signal by the airspeed. Thus, the output is 
proportional to one over the airspeed. Since this quantity 
is to be used as a multiplier, and amplifier 281 has ap- 
plied to it through a resistor 282 the output from the am- 
plifier 276 and also through a resistor 283 the triangular 
wave from the source 228 to generate a rectangular pulse 
output proportional to one over the airspeed. 

Many quantities are modified by the roll or pitch of 
the aircraft. When used in calculations, generally the 
sine or the cosine of the roll or pitch angle is used as a 
quantity for computation. In FIG. 2D the roll, the yaw 
and the pitch motors are shown driving those potentiome- 
ters which are used for computation purposes. Four po- 
tentiometers 101, 102, 103 and 105 have their two ends 
connected to ground. The input to the center tap of po- 
tentiometer 101 comes from the output of the pitch 
moment generator and the output from that potentiome- 
ter represents the cosine of the pitch angle. These poten- 
tiometers are shaped potentiometers. The movement of 
the slides is proportional to the sine or cosine of an angle, 
When the outside ends of the potentiometer are grounded, 
the potentiometer is a cosine potentiometer. The maxi- 
mum potential is reached when the slide is adjacent the 
center tap, and the minimum potential is reached when 
the slide is adjacent either end. Thus, the four potentiome- 
ters mentioned, 101, 102, 103 and 105, are cosine po- 
tentiometers and their outputs represent the cosine of the 
roll angle times whatever quantity is applied to their 
center taps. The output on the slide 111 is proportional 
to the pitch moment times the cosine of the roll angle, and 
the output on the slide 115 is proportional to the yaw 
moment times the cosine of the roll angle. Potentiome- 
ter 102 has a minus potential applied to its center tap. 
This potentiometer then merely provides an output which 
is proportional to the cosine of the roll angle. Two po- 
tentiometers 107 and 108 have a positive potential ap- 
plied to one end and a negative potential applied to the 
other. These potentiometers are also shaped in accordance 
with a sine function, Since fixed potentials are applied 
across the potentiometers and since the center taps are 
grounded providing zero potential at the center and maxi- 
mum potential at either end, the outputs are merely rep- 
resentative of the sine of the roll angle without being 
multiplied by any other quantity. The potentiometers 
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106 and 104 are similary connected but have different 
quantities applied to them. Potentiometer 104 has the 
yaw angle, or heading, directly applied to one end and 
through an inverter to the other end. Its center tap is 
grounded. This means that the output on the slide 114 
is proportional to plus or minus the yaw times the sine 
of the roll angle. Similarly, ‘since the potentiometer 106 
has the pitch angle directly applied to one end and through 
an inverter to the other end, its output on slide 116 is 
proportional to the pitch moment times the sine of the 
roll angle. The four potentiometers driven by the pitch 
motor operate similarly to those driven by the roll motor. 
Tn accordance with the discussion above, the potentiome- 
ters 122 and 284 are sine potentiometers which produce 
outputs proportional to the sine of the pitch angle. Poten- 
tiometer 123 is a sine potentiometer which produces an 
output proportional to the heading times the sine of the 
pitch angle. Potentiometer 121 is a cosine potentiometer 
which produces an output proportional to its input on 
the center tap times the cosine of the pitch heading. The 
input on the center tap is the cosine of the roll angle. 
Therefore, the output at slide 124 is equivalent to the quan- 
tity cosine of the roll angle times the sine of the pitch 
angle (cos ¢ sin 6). 

The most difficult quantity to compute is airspeed be- 
cause this is affected by so many different factors. The 
airspeed generator is shown in FIG. 2B at 227 and it 
comprises a single operational amplifier 291 one input of 
which is grounded, the other input 292 to the amplifier 
receiving information from many sources. A voltage de- 
rived from the slide contact 125 of the potentiometer 
122 shown in FIG. 2D and representative of the sine of 
the Pitch angle is applied through an input resistor 294, 
A signal taken from the slide contact 111 of the potenti- 
ometer 101 and representing the cosine of the heading or 
yaw moment is applied through an input resistor 293, 
and an input from the slide contact of throttle potenti- 
ometer 271 is applied through an input resistor 295. The 
signals applied to the resistors 293, 294 and 295 are 
added together and applied directly to the input of the 
amplifier 291, In addition, a second group of signals are 
also added together. A signal representative of the flap 
condition is applied from the flap switch 305 which has 
three positions, 306, 307 and 308. A resistor 309 is con- 
nected between the positions 307 and 308 and a second 
resistor 311 is connected between positions 306 and 397. 
A plus 15 volts is applied to one side of resistor 31 I, and 
a ground is applied to the other side of resistor 369. A 
constant voltage is applied through a resistor 297 and a 
signal representative of the square of the lift coefficient 
is applied to the input resistor 298 from the operational 
amplifier 312. These signals applied through the resistors 
296-298 are added together and the sum is applied to 
the source electrode of a field effect transistor 304. A 
signal representative of dynamic pressure is applied to 
the gate electrode of the transistor 384 to multiply the 
sum. of the other signals. This product generated by the 
transistor 364 is then added to the sum of the signals 
applied to the resistors 293~295, and the sum is applied 
to the input of the amplifier 281. The output of the 
amplifier 291 is fed back through a feedback circuit 
which includes a capacitor 315 and a pair of reversely 
connected diodes 316. Thus, as explained above, addition 
is accomplished in this circuit by applying signals to one 
end of individual resistors which are connected together 
at their other ends. Multiplication is achieved in the field 
effect transistor 304 as explained above. Integration is 
achieved by the operational amplifier 291 and its integrat- 
ing feedback path which includes the integrating ca- 
pacitor 315. The output from the airspeed generator 227 
is applied, as mentioned above, through a resistor 244 
to one input of the time division amplifier 231. The other 
input to that amplifier is applied through the resistor 
242 from the triangular wave generator 228. The output 
from amplifier 231 is applied to all of those circuits in 
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which the airspeed is used as part of the computation. 

The array of instruments 151-159 are shown on FIG. 
2E. The directional gyro 151, the attitude gyro 158 and 
the pitch bar 159 are shown in greater detail in FIG. 
2E than on the block diagram FIG. 1B. Referring to 
FIG. 2D, along the right-hand edge of the drawing there 
are shown two synchros, the roll synchro 347 and the 
heading synchro 318. The roll synchro 317 comprises 
three coils 321, 322 and 323 connected together in a Y. 
The outer ends of the coils are labeled A, C, B, respec- 
tively. A single armature coil 324 is shown mechanically 
ganged with the potentiometer arms 111-118. Similarly, 
the heading synchro comprises three stator coils 325, 
326 and 327 connected together in a Y connection. The 
outer terminals of these coils are labeled D, E and F, 
respectively. In addition, an armature coil 328 is shown 
ganged to the yaw motor 85. On FIG. 2, the directional 
gyro 151 is shown comprising three stator coils 331, 
332 and 333 connected together in a Y connection with 
their outer ends labeled A, C, B, respectively, to corre- 
spond with the outer ends of the coils 321, 322 and 323 
of the roll synchro 317. In addition, a roll bar 334 is 
shown in the attitude gyro 158. To avoid unduly compli- 
cating the drawings which are already quite cluttered, 
the lines connecting the synchro coils 321-323 and the 
gyro coils 331-333 have not been shown. However, the 
two terminals A, the two terminals B, and the two ter- 
minals C are connected together. The stator coils are, 
of course, energized from a suitable power supply which 
is not shown. The armature 324 of the roll synchro is 
connected to the roll bar 334 of the attitude gyro 158. 
As the armature 324 is rotated by the roll motor 79, 
the alternating potentials induced in that coil by the 
currents flowing through the three Y connected coils 
321-323 cause current to flow through the wires to the 
roll bar 334. The magnetic field established by the cur- 
rent flow through the roll bar 334 reacts with the mag- 
netic fields established by the Y connected coils 331-333 
to create a torque on the roll bar 334. The roll bar 
334 is caused to rotate until the potentials induced there- 
in by the magnetic field created by the currents flowing 
through the three Y connected coils 331-333 becomes 
equal and opposite to the currents supplied from the 
synchro armature. In this manner, the roll bar assumes 
the same angular position with respect to its coils 331- 
333 as the armature 324 assumes with respect to its coils 
321-323. The heading synchro 318 and the directional 
gyro 151 operate in a similar manner. In addition, a pitch 
bar 159 is provided, and it receives signals from the 
potentiometer 284 which supplies, through the slide con- 
tact 285, a potential representative of the sine of the 
pitch angle. This is applied through a damper circuit 
335 to the input of the pitch bar coil 336, the other end 
of which is grounded. The pitch bar coil 336 is usually 
rotatably mounted in a magnetic field which may be 
created by permanent magnets and which is not shown 
in these drawings. Thus, the current flow through the 
coil 336 creates a magnetic field which reacts with the 
permanent magnetic field to cause the pitch bar to ro- 
tate to an appropriate position. 

The input to the tachometer 157 is received directly 
from the throttle potentiometer 214. Similarly, the input 
to the turn indicator 155 is the yaw moment derived from 
the yaw moment generator 41. However, the ball angle 
applied to the indicator 156 is derived from other quanti- 
ties by the ball angle generator 341 which comprises an 
operational amplifier 342. An input signal representative 
of lift from the lift generator is applied through an input 
resistor 243 directly to the amplifier 342. Signals repre- 
sentative of side slip and of rudder pedal deflection are 
applied through resistors 344 and 345 respectively to the 
source input of a field effect transistor 346, the gate elec- 
trode of which has the dynamic pressure applied to it. 
The algebraic sum of the two inputs through the resistors 
344 and 345 to the source electrode of the transistor 346 
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is multiplied by the dynamic pressure, and the result is 
added to the input to the resistor 343. Since the operation 
is the same as similar elements described above, no fur- 
ther explanation is required. Airspeed is computed by the 
airspeed generator 227 on FIG. 2B which was described 
in some detail above. This information is applied to the 
airspeed indicator 154. Rate-of-climb was described some- 
what in connection with the block diagram FIG. 1B, 
but it is shown in better detail in FIG. 2E. The rate-of- 
climb generator 351 is shown on FIG. 2E and comprises 
an operational amplifier having one input grounded and 
the other input connected to the drain electrode of a 
field effect transistor 355. The source electrode of the 
transistor 355 is connected through a resistor 353 to the 
slide contact 125 of the potentiometer 122, and through 
a resistor 354 to the slide contact 113 of the potentiometer 
103. This introduces two quantities which are the angle 
of attack times the cosine of the roll angle and the sine 
of the pitch angle. The drain electrode of the transistor 
355 has the airspeed applied to it to produce the rate-of- 
climb which is the airspeed times the quantity sine of 
pitch less the angle of attack times the cosine of roll. 
The altitude signals applied to the altimeter 153 are the 
rate-of-climb integrated, and the integration is performed 
by the altimeter itself. The altimeter 153 drives a po- 
tentiometer 356 which has a slide contact 357. This pro- 
duces the altitude signal which is used elsewhere in the 
computer. 

In addition, the computer may incorporate additional 
devices not shown in the block diagram of FIGS. 1A and 
1B. An instructor’s station may be included so that addi- 
tional quantities may be inserted. For example, one such 
device is shown on FIG. 2E. A potentiometer bridge 361 
having a pair of slide contacts 362 and 363 has applied 
across it the outputs from two cascaded amplifiers 347 
and 348. The input to amplifier 347 is derived from a 
potentiometer 349 which has one end connected to a 
source of positive potential and the other end grounded, 
and whose slide contact 350 is connected to the input of 
the amplifier 347, The input to amplifier 348 is the out- 
put of amplifier 347. The slide contact 350 of the poten- 
tiometer 349 may be set by an instructor. Thus, one side 
of the bridge 361 has a positive potential representing 
wind velocity applied to it and the other side a negative 
voltage representing the same thing applied to it. The 
two slide contacts 362 and 363 are also manually adjust- 
able by an instructor and represent wind direction. The 
potentials derived on the slide contacts 362 and 363 are 
applied to the inputs of two amplifiers 371 and 372 which 
compute the X and the Y position of the aircraft on a 
simulated mission, should this be desired for navigational 
purposes. The other inputs to the amplifiers 371 and 372 
are derived from the slide contacts 374 and 375 of an- 
other potentiometer bridge 373 in FIG. 2D. The bridge 
373 has applied across it potentials representative of plus 
and minus airspeed, and the slide contacts 374 and 375 
are driven by the heading motor 85. Thus, the X and Y 
position of the aircraft are computed from the airspeed, 
the heading and the wind direction and velocity. The 
instructor can modify the simulated movement by chang- 
ing the settings of the potentiometers at the instructor’s 
station. In addition, another potentiometer which can be 
incorporated in an instructor’s station is shown on FIG. 
2C. A field elevation potentiometer 381 having a slide 
contact 382 which can be set by the instructor is used to 
set the ground elevation below which the simulated air- 
craft should not fly. The voltage developed on the slide 
contact 382 is applied as one input to the amplifier 312 
which also has the simulated altitude of the aircraft ap- 
plied to it. The output of this amplifier is used as part of 
the on-ground detector circuit. 

One thrust circuit which can be used in the block 45 of 
FIG. 1A is shown in detail in FIG. 5. The throttle po- 
tentiometer 16 has an additional resistor 261 connected 
across at least a portion of it to shape the potentiometer 
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in accordance with the thrust curve. The thrust curve rises 
generally linearly but has a knee at which the slope of 
the curve changes. One end of the potentiometer 16 is 
connected to a source of positive potential and the other 
end has airspeed applied to it from line 136. The output 
of the potentiometer 16 is taken from the slide 29 through 
a resistor 262 and is applied to the input of an amplifier 
263 which has a feedback resistor 264. Positive thrust is 
derived from this amplifier, A second amplifier stage 266 
having a feedback path 267 derives its input from the 
amplifier 263 through a resistor 265. This produces nega- 
tive thrust. Both amplifiers 263 and 266 are unity gain 
amplifiers. 

This specification has described and illustrated a new 
and improved analog computer suitable for use in small 
vehicle trainers for computing the information required 
to produce the proper motion and instrument responses. 
It is realized that the above description may indicate to 
Others in the art additional ways in which the principles 
of this invention may be used without departing from its 
spirit. 

What is claimed is: 

1. A computer module for algebraically adding together 
first and second quantities and for multiplying the resultant 
sums by a third quantity, said module comprising a single 
operational amplifier having an input and an output, means 
for applying a first potential representative of a first 
quantity to said input, means for applying a second po- 
tential representative of a second quantity to said input 
in additive relation to said first quantity, a modulator, 
means for applying a triangular wave to said modulator, 
means for applying a third potential representative of a 
third quantity to said modulator so that said modulator 
produces rectangular waves whose widths are proportional 
to said third quantity, an electronic switch having a main 
conductive path and a control electrode, means for con- 
necting said main conductive path from said output to 
said input, means for applying said rectangular waves to 
said control electrode, and means forming a feedback 
path from said output to said input for integrating the 
output potential of said amplifier to produce a potential 
which is proportional to the sum of said first and second 
quantities multiplied by said third quantity. 

2. A computer for calculating operational response 
values from a plurality of input values, said computer 
comprising at least a first computational station, said first 
station including means for combining electrical potentials 
representative of a plurality of first values to produce the 
algebraic sum of those first values, multiplying means for 
modifying said sum of said first values by a potential 
representative of a second value to produce an output 
potential representative of the product of the sum of said 
first values and said second value, said means for multiply- 
ing comprising an electron discharge device having at 
least two input electrodes, means for applying the potential 
representative of the multiplicand to one of said electrodes, 
means for applying the potential representative of the 
multiplier to the other of said electrodes, the potential 
representing the multiplicand having an amplitude repre- 
sentative of the multiplicand and the potential represent- 
ing the multiplier having a pulse width representative of 
the multiplier, a source of triangular waves, a differential 
amplifier means, means for applying the output from said 
source to said differential amplifier means, and means for 
applying a potential whose amplitude is representative of 
a multiplier to said differential amplifier means so that 
the output from said amplifier means is a train of gener- 
ally rectangular pulses whose width is proportional to the 
amplitude of said potential representative of a multiplier. 

3. The computer defined in claim 2 wherein said elec- 
tron discharge device comprises an electron switch one 
of whose two electrodes comprises a switch control elec- 
trode, means for applying the potential representative of 
the multiplier to said control electrode and means for 
applying the potential representative of said multiplicand 
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to said other electrode so that said switch is opened and 
closed by said multiplier pulses. 
4, The computer defined in claim 3 further including 
means for integrating the pulse output from said electron 
switch to produce a potential which is proportional to the 


area under the pulse output, said area being the equivalent ° 


of the pulse amplitude times the pulse time. 

5. A computer for calculating operational response 
values from a plurality of input values, said computer 
comprising at least a first computational station, said first 
station including means for combining electrical potentials 
representative of a plurality of first values to produce the 
algebraic sum of those first values, means for modifying 
said sum of said first values by a potential representative 
of a second value to produce an output potential repre- 
sentative of the product of the sum of said first values 
and said second value, means for integrating the product 
produced thereby comprising an operational amplifier hav- 
ing two inputs and a single output, means for connecting 
one of said inputs to ground, and means for connecting 
an integrating capacitor from the output of said amplifier 
to the other of said two inputs. 

6. A computer for utilizing electrical potentials repre- 
sentative of numerical quantities and modifying one quan- 
tity by another to produce a potential which is representa- 
tive of a desired mathematical result, said computer com- 
prising a plurality of computational stations, means at a 
first computational station for receiving a plurality of 
first potentials each of which is representative of a nu- 
merical quantity, means for combining said first potentials 
to produce a potential representative of the algebraic sum 
of the numerical values represented by said first potentials, 
said first computational station comprising a single opera- 
tional amplifier having an input and an output, means for 
connecting said combining means to said input, a feed- 
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back path from said output to said input, means for re- 
ceiving a second potential representative of a second 
quantity, means in said feedback path for modifying the 
potential representative of said sum by said second po- 
tential to produce a product potential representative of 
said sum multiplied by said second quantity, and means 
in said feedback path for integrating said product potential 
to produce a potential representative of the mathematical 
integral of said product; a second computational station 
comprising means for receiving the integral potential out- 
put from said first computational station, means for re- 
ceiving third potentials representative of quantities to be 
added, means for combining the third potentials with said 
integral potentials to produce a potential representative 
of a sum, and means for integrating the potential repre- 
sentative of a sum. 
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